The present study investigated the role of corticotropin-releasing hormone (CRH) in the lateral parabrachial nucleus (LPBN) in the behavioral control of body fluid homeostasis by determining the effect of bilateral injections of the CRH receptor antagonist, ␣-helical corticotropinreleasing factor (CRF) 9 -41, and the CRH receptor agonist, CRH, on sodium chloride (salt appetite) and water (thirst) intake. Groups of adult, male Sprague-Dawley rats had stainless-steel cannulas implanted bilaterally into the LPBN and were sodium depleted or water deprived. Bilateral injections of ␣-helical CRF 9 -41 into the LPBN significantly potentiated water and salt intake in the sodium-depleted rats when access to fluids was restored. Bilateral injections of ␣-helical CRF 9 -41 into the LPBN (1.0 g) also increased sodium appetite in water-deprived rats. Conversely, in sodium-depleted animals, bilateral injections of CRH inhibited sodium chloride intake. These results suggest that there is an endogenous CRH inhibitory mechanism operating in the LPBN to modulate the intake of sodium (salt appetite). This mechanism may contribute to the behavioral control of restoration of body fluid homeostasis in sodium-deficient states.
THE PEPTIDE corticotropin-releasing hormone (CRH) is widely distributed in the mammalian central nervous system and has been implicated in many physiological and behavioral responses to physical and psychological stressors (see Ref. 35 for a review). CRH neurons in the hypothalamus projecting to the median eminence are classically recognized in the control of ACTH secretion from the anterior pituitary. In addition, other CRH pathways intrinsic to the brain are also activated by aversive stimulation or conditions (35) . Stress-associated behaviors, including general arousal, emotional reactions, and reduced sexual activity to stressors (7, 20) are influenced by central CRH mechanisms. Brain pathways containing CRH are also involved in the activation of sympathetic nerve activity (9) .
Brain CRH has been implicated in the modulation of several aspects of ingestive behavior. Food intake is enhanced following intracerebroventricular injections of CRH receptor antagonists, and appetite is inhibited after central CRH injections (11) . However, the effects of CRH in the central control of body fluid balance appear somewhat equivocal. Pharmacological treatment to activate hypothalamic CRH receptors produced a significant inhibition of water and food intake in 24-h fasted rats (27) . On the other hand, intracerebroventricular infusion of CRH in rabbits increased water and salt intake and increased renal sodium excretion (37, 38) .
CRH-expressing neurons and receptors are present in many forebrain and hindbrain areas implicated in the control of water and salt intake (5, 19, 29, 39) . One key brain structure associated with central CRH that has been implicated in the control of thirst and sodium appetite is the lateral parabrachial nucleus (LPBN). The LPBN receives ascending fibers from the nucleus of the solitary tract (NTS), which receives input from arterial and cardiopulmonary baroreceptors and from the area postrema (AP), which senses levels of circulating factors. The ascending pathways from the NTS and AP have been hypothesized to carry information reflecting the status of body fluid homeostasis (17) . Extensive work has demonstrated that the LPBN exerts important modulatory influences on water and salt intake (4, 8, (22) (23) (24) 28) . CRH containing soma and receptors are present in the LPBN (18) , and CRH neurons are a component of a pathway linking the NTS to the LPBN (13) . In addition, CRH has been shown to be present in descending projections from the central nucleus of the amygdala (CeA) (25) , the bed nucleus of the stria terminalis (BNST) (26) , and the lateral hypothalamic area (LHA) (19) . Both the CeA and the BNST have been implicated in the control of sodium appetite (16, 42) . Cellular dehydration increases CRH mRNA expression in the LHA-LPBN projecting cells (19) .
The purpose of the present paper was to investigate the role of CRH in the LPBN on the control of water and salt intake in rats. The strategy employed in these studies was to determine whether the CRH receptor antagonist, ␣-helical corticotropinreleasing factor (CRF) 9 -41 , injected bilaterally into the LPBN altered hypertonic saline (2%) and water intake after treatments, which induce increased NaCl intake (i.e., salt appetite). After observing an increase in salt intake with this treatment, we evaluated the specificity of the effect by conducting a counter experiment using a CRH receptor agonist, that is, CRH itself.
MATERIALS AND METHODS

General Methods
Animals. Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 300 -350 g were housed in individual wire cages with free access to Purina Rat Chow, tap water, and 2% NaCl. Room lights were on from 0600 until 1800 with room temperature maintained at 23°C. All experimental procedures were approved by the University of Iowa Animal Care and Use Committee.
Drugs. Furosemide (Abbott Laboratories, North Chicago, IL) was administered at 10 mg ⅐ kg Ϫ1 ⅐ ml Ϫ1 . The CRH antagonist ␣-helical CRF9-41 was acquired from Peninsula Laboratories (San Carlos, CA; catalog number 8565), and CRH was purchased from Sigma (St. Louis, MO; catalog number C 3042). LPBN cannulation. After anesthesia with an Equithesin-like cocktail (composed of 0.97 g of pentobarbital sodium and 4.25 g of chloral hydrate/100 ml distilled water; 3 ml/kg ip; University of Iowa Hospital Pharmacy, Iowa City, IA), animals were placed in a Kopf stereotaxic instrument and stainless-steel cannulas (23 gauge) were implanted into each LPBN. The stereotaxic coordinates were 9.4 mm caudal to bregma, Ϯ1.9 mm lateral to midline, and 6.0 mm below the skull. The tips of these guide cannulas were targeted to terminate 2 mm above the LPBN. The cannulas were cemented with dental acrylic resin to the skull and to jeweler's screws set into drilled holes in the skull. Each cannula was closed with an obturator (30 gauge). After the surgery, the animals were housed in individual cages for 7 days before the experiments.
Histology. At the end of the experiments, each animal was anesthetized with Equithesin, and both LPBN were injected with 0.2 l of Evans Blue. The animals were then perfused transcardially with PBS followed by 10% formalin, and their brains were removed and fixed in 10% formalin. After fixation, the brains were frozen and cut into 40-m coronal sections. To confirm the injection sites in relation to the LPBN, the slices were stained with cresyl violet and analyzed by light microscopy.
Experimental Protocols
Experiment 1: The effects of ␣-helical CRF9-41 injections into the LPBN on sodium and water intake in furosemide-treated sodiumdepleted rats. To investigate the effects of bilateral LPBN injections of the CRH receptor antagonist on sodium appetite, the animals were sodium depleted. Beginning three days before tests of water and 2% saline intake, animals were given access to sodium-deficient chow (0.024% NaCl; ICN, Irvine, CA) and to bottles containing distilled water and 2% saline. Twenty-four hours before the fluid intake tests, the 2% saline solution was removed from the cage, and the animals received two subcutaneous injections of furosemide (10 mg ⅐ kg Ϫ1 ⅐ ml Ϫ1 ) separated by a 1-h interval. Both sodium-deficient chow and water continued to be available. The next day, at the beginning of a 2% saline solution and water intake test, bilateral LPBN injections of vehicle (isotonic saline) or ␣-helical CRF9-41 (0.25, 0.50, or 1.0 g) were administered at each site in 200-nl volume. After the injections, graduated bottles containing distilled water and 2% saline were placed on the cages. The intakes of water and 2% saline were then monitored for the next 120 min.
Experiment 2: The effects of ␣-helical CRF9-41 injections into the LPBN on sodium and water intake in water-deprived rats.
To test for the generality of the effects of CRH receptor antagonist administered to the LPBN on the fluid intake in water-and sodium-deficient rats, bilateral injections of ␣-helical CRF9-41 were made into the LPBN in fluid-deprived animals. Rats that had been maintained on a normal sodium diet and given access to distilled water and 2% saline were subjected to complete fluid deprivation for the 24 h. After the deprivation period, bilateral injections of ␣-helical CRF9-41 (1.0 g) or saline (controls) were made into each LPBN site in 200-nl volume. Graduated bottles containing distilled water and 2% saline were then introduced into the cages. The intakes of both solutions were then monitored for the next 120 min.
Experiment 3: Effects of CRH injections into the LPBN in furosemide-treated, sodium-depleted rats.
To test the effects of bilateral LPBN administration of a CRH receptor agonist on sodium appetite and thirst, sodium-and water-depleted animals that were treated, as described above, received injections of CRH (100, 200, and 400 ng/200 nl), or isotonic saline (controls) into each LPBN. Immediately after these injections, access to 2% saline was restored, and the volumes of water and 2% saline consumed were recorded for the next 120 min.
Statistical analysis.
SigmaStat for Windows (Jandel Scientific, San Rafael, CA) was used to analyze water and salt intake. A two-way ANOVA for repeated measures, followed by the post hoc StudentNewman-Keuls test was used to compare each dose of drug to its corresponding time in the control groups. The group means were considered significantly different when P Ͻ 0.05. The data are presented as means Ϯ SE.
RESULTS
Histological analysis. Typical bilateral placements of LPBN cannulas are shown in Fig. 1 . The sites were usually centered in the central lateral and dorsal lateral portions of the LPBN. However, we also included data from rats whose injection sites were located in both the ventrolateral and external lateral portions of the LPBN. Animals having injection sites within the Kölliker-Fuse nucleus were not included in the data analysis.
Of the 119 rats used in this study, 67 animals had bilateral LPBN injection sites (i.e., 52 rats had misplaced injection sites with one or both injection cannula tips located outside the LPBN). The results obtained from animals with misplaced injections are presented below in Control for specificity of the injection site.
Effect of ␣-helical CRF 9 -41 injected into the LPBN on sodium and water intake in furosemide-treated, sodium-depleted rats (experiment 1). Presented in Fig. 2, A and B are the effects of bilateral injections of ␣-helical CRF 9 -41 into the LPBN in sodium-depleted rats. At the highest dose of ␣-helical CRF 9 -41 (1.0 g), 2.0% saline intake was significantly increased throughout the duration of the experiment, compared with vehicle-injected, sodium-depleted rats. At the lowest dose used (0.25 g), bilateral injections of ␣-helical CRF 9 -41 into the LPBN did not modify NaCl intake. The 0.5 g dose of ␣-helical CRF 9 -41 injected bilaterally into the LPBN significantly increased the amount of NaCl consumed after 90 and 120 min. There was no significant effect of ␣-helical CRF 9 -41 on water intake at any of the doses (0.25, 0.5, and 1.0 g) studied (Fig. 2B) .
Effects of ␣-helical CRF 9 -41 injected into the LPBN on sodium and water intake in water-deprived rats (experiment 2). Figure 3 shows that ␣-helical CRF 9 -41 (1.0 g) bilaterally injected into the LPBN of water-deprived rats slightly, but significantly, increased 2% sodium solution intake compared with saline-treated controls. Bilateral injections of ␣-helical CRF 9 -41 into the LPBN (1.0 g) did not significantly change water intake in water-deprived rats.
Effects of injection of CRH into the LPBN on sodium and water intake in furosemide-treated sodium-depleted rats (experiment 3). Bilateral injections of the highest dose (400 ng) of CRH into the LPBN produced a significant reduction in salt intake throughout the entire duration of the experiment (Fig.  4A) . A dose of 200 ng of CRH injected bilaterally into the LPBN produced a significant decrease in salt intake beginning at 45 min and all time points that followed. The lowest dose studied (100 ng) did not significantly reduce hypertonic NaCl intake. Water intake in furosemide-treated, sodium-depleted rats (those receiving bilateral injections of isotonic saline into the LBPN) was relatively small (2.8 Ϯ 1.2 ml after 120 min) and may have been due partially to cellular dehydration as a result of the intake of 2% saline. Bilateral injections of CRH at all doses studied (100, 200, and 400 ng) significantly inhibited water intake in sodium-depleted rats after the 90-min time point (see Fig. 4B ).
Control for specificity of the injection site. The analysis of data from the animals with cannulas located outside the LPBN confirms that bilateral application of CRH receptor agonist and antagonist to the LPBN is necessary for the alterations in salt appetite and thirst observed here. Table 1 shows that CRH (400 ng) and ␣-helical CRF 9 -41 (1.0 g) when injected outside the LPBN did not modify either water or salt intake in sodium-depleted rats. In addition, Table 2 shows that fluid-deprived animals receiving ␣-helical CRF 9 -41 injections (1.0 g) that did not reach the LPBN have water and salt intakes that did not differ from those exhibited by saline-treated controls.
DISCUSSION
The major finding of the present studies demonstrates that antagonism of the actions of CRH in the LPBN significantly enhances the intake of hypertonic saline. This result suggests that an endogenous action of CRH in the LPBN acts to limit the amount of hypertonic NaCl consumed by animals displaying a salt appetite. The results of the studies also provide evidence that 1) the sodium intake-enhancing effects of the CRH receptor antagonist are not merely the result of a nonspecific, pharmacological action of ␣-helical CRF 9 -41 and 2) the effects of ␣-helical CRF 9 -41 and CRH are due to action within the LPBN, and the action must be bilateral to be effective. Taken together, these results suggest that there may be a CRH mechanism associated with the LPBN that acts to inhibit sodium appetite in states of sodium depletion.
CRH-containing neurons in the central nervous system comprise an extensive interconnected network (5, 19, 25, 26, 29, 36, 39) mediating neuroendocrine events and modulating a variety of behavioral responses related to psychological and physiological stressors or associated with the correction of autonomic disturbances (20) . The data presented here add new evidence that indicates that brain CRH also participates in the regulation of salt intake, a specific behavior that contributes to the maintenance of body fluid homeostasis.
Central nervous system regulation of body fluid and blood pressure involves interconnected areas modulating behavioral and physiological responses that collectively regulate osmolarity, blood volume, cardiac output, and vascular tone. The subfornical organ, the periventricular tissue surrounding the anteroventral third cerebral ventricle (AV3V), amygdala, BNST, paraventricular hypothalamic nucleus, supraoptic nucleus, and the perifornical hypothalamic region comprise a forebrain neural network that acts to expand blood volume and increase arterial blood pressure (17) . In contrast, the AP, the NTS, and the LPBN are portions of a hindbrain system that appears to be largely inhibitory in nature (17) . Previously (e.g., see Ref. 17 for discussion), it has been suggested that humoral input from the AP and/or arterial blood pressure or blood volume conveyed by visceral afferent input via the NTS may reach the LPBN to inhibit activity when blood pressure or blood volume is increased. CRH may be one of the neurotransmitters or neuromodulators that act within the LPBN to inhibit sodium intake, thereby preventing an excessive increase in blood volume or blood pressure.
The LPBN sends many projections to the forebrain areas associated with hydromineral and cardiovascular homeostasis. Fibers originating in the LPBN project to the hypothalamic paraventricular nucleus, the amygdala, the BNST, and the median preoptic nucleus (10, 15, 21, 32) . Forebrain and brain stem areas involved in body fluid and cardiovascular regulation send projections back to the LPBN (1, 12, 25, 26) . Dense concentrations of CRH receptors are found within the LPBN (18) . It is notable that immunocytochemistry has identified CRH-like material in the pathways projecting from the CeA (25), the BNST (26), the LHA (19) , and the AP/NTS complex (13) . It is possible to speculate that ascending hindbrain projections may limit volume expansion but that descending CRH pathways from the forebrain may play a role in controlling excessive hypertonic saline intake in the face of accumulating hypertonicity. Watts (39) has demonstrated that CRH mRNA is enhanced in the LHA but decreased in the amygdala when animals are given 2.5% NaCl as a sole drinking fluid overnight.
A commonly employed operational definition for sodium appetite is a significant intake of a hypertonic saline solution, which rats normally avoid or find aversive. In the present studies, we used two methods to induce a sodium appetite. The first was to employ a pharmacological treatment, the diuretic furosemide followed by 24 h of exposure to a sodium-free diet with water as the only available fluid. This protocol has been used extensively (14, 41) to study sodium appetite. The second method used to induce enhanced hypertonic NaCl consumption was water deprivation. Water deprivation induces a Na ϩ deficit (40) and a sodium appetite, as evidenced by enhanced hypertonic saline intake after restoration of access to water (6, 33, 40) . In the present experiments, rats exhibited enhanced hypertonic NaCl intake regardless of the method used to induce the initial sodium deficit. Specific blockade of CRH receptors in the LPBN by the selective CRH receptor antagonist ␣-helical CRF 9 -41 potentiates salt intake in rats depleted of sodium by either pharmacological (furosemide) or more natural (water deprivation) methods. These observations strongly suggest that there is a role for endogenous CRH acting in the LPBN in mediating the ingestion of hypertonic NaCl (salt appetite) that is induced by sodium deficiency.
The administration of CRH into the LPBN had the opposite effect of ␣-helical CRF 9 -41 treatment. That is, bilateral LPBN injection of CRH reduced hypertonic NaCl intake. The inhibition of sodium appetite by substances acting on the LPBN is consistent with other findings demonstrating that increased serotonin (5-HT) and CCK in the LPBN inhibits salt and water ingestion in rats (4, 8, (22) (23) (24) . It is possible that CRH administration in the LPBN facilitates the release of 5-HT or CCK. Interestingly, CRH fibers appear to be associated with serotonergic cell bodies in raphe structures (5, 31) . CRH type 1 and type 2 receptors present on serotonergic neurons have been suggested to mediate serotonergic actions (2, 3) . Stress-related stimuli, as well as intracerebroventricular injections of CRH, alter brain 5-HT metabolism (30, 34) .
Intracerebroventricular infusions of CRH in rabbits have been reported to increase water and salt intake and enhance renal sodium excretion (37, 38) . This suggests that CRH acting on circumventricular structures has effects that are opposite to those observed when the peptide is injected into the LPBN. Alternatively, the rabbit is a different species whose mechanisms regulating body fluid homeostasis may differ from those of the rat.
The data presented here add new information to identified actions of brain CRH and provides additional evidence that the LPBN is a hindbrain area involved in the control of behaviors associated with the maintenance of body fluid homeostasis. Future work will be necessary to 1) explore the relationship between LPBN CRH mechanisms and other agents, such as 5-HT acting in the LPBN to modify sodium appetite, 2) test the inhibitory effect of CRH in the LPBN on salt intake using other experimental models of sodium appetite, and 3) investigate the CRH receptor subtypes involved in the LPBN-related inhibition of sodium appetite. Results are expressed as means Ϯ SE; n ϭ 6 for the saline group; n ϭ 8 for the corticotropin-releasing hormone (CRH) group; n ϭ 5 for the ␣-hCRF9-41 group. Results are expressed as means Ϯ SE; n ϭ 5 for saline group and ␣-hCRF9-41 group.
